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1. Introduction

The Birkhoff-Witt theorem asserts that, under certain conditions on a Lie algebra M (over
a commutative ring R), the graded algebra associated with the enveloping algebra of M is
canonically isomorphic with the symmetric algebra of the underlying module of M. It then
follows that M is embedded in its enveloping algebra. It is known that not all Lie algebras
are so embedded, but the theorem has been proved in the following cases:

(i) when M is a free R-module, for any R (Birkhoff [1], Witt [7]);
(ii) when R is a Dedekind domain, for any M (Lazard [5], Cartier [2]);

(iii) when R is an algebra over the rationals, for any M (Cohn [3]).

These conditions refer only to the module structure of M, and we aim to give a unified
treatment in which the Lie product on M and the enveloping algebra of M are eliminated
from the discussion at an early stage. They are replaced by a homological invariant B(M),
defined for an arbitrary module M, which depends only on the tensor algebra of M and is one
of the Baer invariants defined for algebras by Frohlich [4]. The vanishing of B(A/) implies
the Birkhoff-Witt theorem for all Lie algebras with underlying module M, and we shall
show that B(M) = 0 in the three cases mentioned above. In fact the condition B(M) = 0
is necessary and sufficient for the validity of a closely related embedding theorem for “Lie
structures over M” in “associative structures over M.” The definition of these concepts is
our starting-point.
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2. Lie Structures and Associative Structures

Let R be a commutative ring (with identity) and let M be an R-module. We denote by
T(M) = @,~,(®"M) the tensor algebra of M and identify M with the homogeneous part
of T(M) of degree 1. (All tensor products are taken over R unless otherwise stated). The
canonical map from 7'(M) to the symmetric algebra S(M) has as kernel the ideal of T'(M)
generated by all commutators zy — yz (x,y € M). We denote this kernel by K(M); it is a
homogeneous ideal of T'(M).

If we consider K (M) as a T'(M)-bimodule, it is generated by the commutators zy — yz,
and these satisfy some obvious relations which we use as axioms in the following definition. A
Lie structure over the R-module M is a T'(M)-bimodule A together with a bilinear function
M ® M — A (denoted by x ® y — (z,y)), satisfying the axioms:

(L1) (z,2) =0 (z € M);
(L2) (x,y)t(uv —vu) = (zy — yx)t(u,v) (x,y,u,v € M, t € T(M));

(L3) (<;C,y>2 - Z<Q3,y>) + (<y,2>$ - .T}<y, Z>) + (<Z,Qi>y - y<2,$>) =0 (iC,y,Z € M)

It is easy to check that K (M) is a Lie structure with (z,y) = xy — yx. So is T (M) with the
same definition of (z,y), and other examples will occur below.

As with Lie algebras, one can easily obtain Lie structures from similar associative struc-
tures. We define an associative structure over M to be a T'(M)-bimodule B together with a
bilinear function M ® M — B (denoted by = ® y — (z,y)) satisfying the associative law:

(A) (z,y)z =2y, 2) (v,y,2 € M),

Then B becomes a Lie structure over M if we define (x,y) = (z,y) — (y,z). Axioms (L1) and
(L3) are obviously satisfied. Axiom (L2) need only be checked when t = 2125 - - - 2, (2; € M),
and in this case axiom (A) implies (z,y)z122 - - 2,uv = Y2122 - - + 2, (u, v), from which (L2)
follows easily.

For any given module M there is a universal Lie structure L(M) over M which can be
described as follows. L(M) is generated as T'(M)-bimodule by symbols (z,y), one for each
pair of elements z,y of M, and has defining relations (L1), (L2), (L3) together with the
relations that assert the bilinearity of the function (,). This L(M) is characterised up to
isomorphism by the universal property: if (A, ((,))) is any Lie structure over M then there
is a unique morphism L(M) — A of T(M)-bimodules such that (z,y) — {((z,y)) for all
x,y € M.

There is also, of course, a universal associative structure over M, but we do not need
a special notation for it since it can easily be identified. In T(M), the ideal M?*T (M) =
D,,~,(®"M) is an associative structure over M with (z,y) = zy, and we have

Theorem 1. M?*T (M) is the universal associative structure over M.

Proof. Let (B, (,)) be any associative structure over M. For j > 2 we can map &M to B
by the rule 21 ® 13 ® - - - ® x; > (21, 22)x3 - - - x; since the latter is an R-multilinear function.
This gives amap 6 : M*T (M) — B which is clearly a homomorphism of right 7'(M )-modules
and maps zy to (z,y). To show that it is also a left T'(M)-homomorphism it is enough to
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show that 1192 - - yn(71, 22)23 - 25 = (Y1,%2)¥3 - YnT1 - 75, (Yr,xs € M), and this is a
consequence of the associative law for B. The map 6 is unique because the elements xy
(z,y € M) generate M>T (M) as T'(M)-bimodule. O

It is unfortunately not always true that K (M) is the universal Lie structure over M.
Indeed, it is precisely when K (M) = L(M) that we can prove the Birkhoff-Witt theorem
for Lie algebras on the module M. The proof of this theorem given in the next section
is essentially that of Lazard [5], with some simplifications made possible by the axiomatic
approach.

3. The Birkhoff—-Witt Theorem

Suppose that we are given a multiplication M @ M — M (x ® y + [z,y]) which makes M a
Lie algebra over R. The elements (z,y) = 2y —yx — [z,y] of T =T(M) (z,y € M) generate
a (non-homogeneous) ideal J, and the quotient algebra E = T'/.J is the enveloping algebra
of the Lie algebra M. The filtration Ty C Ty C T C --+ of T given by T,, = D, (®'M)
induces filtrations of K = K(M), S = S(M), J and E as follows: K, = KNT,, S, =
(T, + K)/K, J,=JNT,, E,=(T,+J)/J. E is then a filtered algebra and we denote by
G =@,-(E,/E,_1) the associated graded algebraﬂ. The homogeneous components of G
are

E.JE, 1= (T, + 1)/(Thr+J) =T, /(TN (Thor + J) 2T,/ (Tt + Jn).

Now S is itself graded with homogeneous components
Sn/Sn—l = Tn/(Tn—l + Kn)7

and it is clear from the definition of J that T,,_1 + J,, D T,,_1 + K,,. We therefore have
canonical surjections oy, : S, /S,_1 — E,/E,_1 with kernels (T,,_1 + J,,)/(T—1+ K,,). These
give the canonical surjection o : S — G which is in fact the algebra homomorphism induced
by the canonical map from M to the (commutative) algebra G. If ¢ is an isomorphism we
say that the Lie algebra M has the Birkhoff-Witt property, and this is clearly equivalent to
the condition

I, CTh1+ K, (n>1). (1)

Theorem 2. If (K (M), zy—yz) is the universal Lie structure over M then every Lie algebra
on M has the Birkhoff-Witt property.

Proof. Following Lazard, we introduce modules J,) (n > 1) which consist of those elements
of J that are most obviously in T,,, namely

J(”) :Z(TT<x7y>Ts|xay€M, T+S:n—2),

Then J1y = 0, Ji9) is the R-module spanned by all (z,y) = xy —yz — [z, y], and J1) C Jz) C
- C J(n) C---CJ. Also J(n) C J,, and Un J(n) = J. We write A,, = J(n)/J(n—l) (n > 2),
and form the graded R-module A = P, ., A, associated with this new filtration of J. Since
JoyM + M Jpy C Jnyr), A has the structure of a T-bimodule with A,M + MA, C A,.1.
Also, (z,y) € Jo) = Ay for all z,y € M.

LComment by DG: The direct sum ranged over n > 1 in the original.
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Lemma. (A, (,)) is a Lie structure over M.

Proof. (L1): this is trivially true since (z,z) = [z,2] =0 in M.

(L2): let w = (z,y)t(uv — vu) — (zy — yx)t(u,v), where x,y,u,v € M, and where t € T
is homogeneous of degree n. Then, calculating in A, we have w € A, 4 since (z,y) € Ay
and (u,v) € Ay. But if we calculate in Ji,14) we find that

w = {z,y)t{{u, v) + [u, o]} = {{x,y) + [2, y]}t{u, v) = (2, y)tu, ] = [z, y]t(u, v),

and this lies in J(,,44) since [u, v] and [z, y] lie in M. Hence w = 0 in A, and (L2) follows for
all ¢ by linearity.
(L3): let x,y,z € M, and put

u={(r,y)z — z(z,y) } + {{y, 2)x — 2(y, 2) } + {{z, )y — y(z, 1) }.

Then, calculating in A, we have u € A3. On the other hand, calculating in J3), if we replace
(x,y) by xy — yx — [z, y], we obtain

u={[z,ylz — z[z,y]} + {ly, 2]z — z[y, 2]} + {[2, 2]y — y[2, 2]},

the other terms cancelling. Now [z,y] € M, so ([z,y], z) € J(9), that is,

['Tay]z - z[m,y] = [[x,y],z] (mOd J(Z))'

Permuting x,y, z cyclically and adding, we therefore have u € J(3) by the Jacobi law in M,
and this means that « = 0 in A. The lemma is now proved. O

To prove the theorem we use the hypothesis that K (M) is the universal Lie structure
over M to obtain a morphism ¢ : K — A of T-bimodules sending xy — yz to (z,y) for all
x,y € M. We claim that 6 is an isomorphism. For let §,, denote the R-linear map which
sends any element of T' to its homogeneous part of degree n. It is clear from the definition
of Ju) that 4, maps J,) into K,, and therefore induces a map

(52 : An = J(n)/J(n—l) — Kn/Kn—l-

The maps ¢ combine to give amap § : A - @(K,,/K,,—1) = K which sends (x,y) to zy—yz
(x,y € M), and it is easy to check that ¢ is a morphism of T-bimodules. Since A and K
are generated as T-bimodules by all (x,y) and all xy — yx, respectively, we see that 6 and §
are inverse isomorphisms. In particular, ¢ : J,) / Jn—1)y = K, /K,_1 is an injection and it
follows that every element of J,,) not in J,,—1) has leading term of degree exactly n. Since
U,, Jny = J, this implies that Ji,y = JNT, = J, for all n E| But J,) C K, +T,,—1, so we
have established the condition which is equivalent to the Birkhoff-Witt property. O

2Comment by DG: Here are the details of this argument: We must show that Jny = Jn. Since Jny C J,
is known, it suffices to show that J, C J,,). Solet t € J,. Then, t € J, so that ¢ € J(,,) for some m > 0.
Consider the smallest such m. Then, t € J,) \ Jon—1), so that the residue class of ¢ in J,)/Jm—1) is
nonzero. Since 67, : Jim)/J(m—-1) = Km/Km_1 is an injection (as we showed above), we conclude that &,,(t)
is nonzero as well. In other words, ¢ has a nonzero homogeneous part of degree m. Since t € J,, C T, this
entails m < n, so that t € J,,,) C J(,). Having proved this for each t € J,,, we thus obtain J,, C Ji,), just
as desired.



4. Lie Structures over Free Modules

Before investigating Lie structures over arbitrary modules M we need to know the situation
for the special case when M is free. Our next theorem, combined with Theorem 2, gives a
new proof of the Birkhoff-Witt theorem in this case.

Theorem 3. Let M be a free R-module. Then every Lie structure (A, (,)) over M can be
embedded in an associative structure (B, (,)) over M so that (z,y) = (z,y) — (y, z).

Proof. Let A be a given Lie structure and put B = A ® S(M). We shall show how to make
B an associative structure with the required property. Let X be a basis for M over R and
take a fixed total ordering < of X. If x; € X we denote by &; its image in S(M) = S.
Then S has a basis consisting of all products ;&5 - &, (n > 0), where the z; are in X and
1 Swp < - <y,

We make B a T-bimodule as follows. The action of T" on A is to be the given action.
To define the action of 7" on S we need only define maps M ® S — B (m ® 0 — mo) and
S®M — B (0 ® m — om) such that (mo)n = m(on) for all m,n € M, o € S. Since M is
free we can define xo and oy arbitrarily in B for z,y € X and ¢ a basis element £,& ---&,
of S, and we need only check that

(xo)y = x(oy) (2)

in this case. Solet 0 = & +--&, (11 < a9 < --- <z, in X) and let £, n be the images of
x,y in S. We define
ro=zxo0+ &0, oy =00y —+on,

where o, on are products in S and z o g, 0 o y are the elements of A defined by

roo =Y mmye xi (T, 1) i1 T,

i <x

ooy = E L1y -+ Tio1{Tis Y)Ti1 - Ty
xTi>Yy

with the convention that x c1 = 1oy = 0. (These definitions are just an imitation of the
operations in the associative structure T'(M) in terms of the splitting T(M) = K(M) +
S(M)). Since ({o)n = &(on) in S, equation (2)) is equivalent to

(€o) oy —a(ooy) =zo(on) —(roo)y. (3)

EITO simplify the notation, let 7 = £on (product in S), and rename x, y and x1, 29, ..., 2,

so that 7 = mmne -y withﬁyl <y < <y (k=n+2)and x =y, y = ys (r # s).
Then o = (mn2 - - - Nk )7s, where the subscripts 7, § denote that the factors with subscripts

3 Comment by DG: The following proof of (3 is rather heavy on the reader’s concentration. An alternative
proof, found by GPT-5.5, is included in the Appendix below.
4Comment by DG: The n; are understood to be images of the y; in S(M) = S.



r, s are to be omitted. Also £o = (mma - Mk)s and on = (MmN -+ Ye) 7 Writingﬂ €pg = 0 if
p < q and €,, = 1 if p > ¢, the left hand side of becomes

(§o)oy—a(ooy) = Z €js (Y1 Yim1(Yss Ys)Yjr1 - Y)s
J
—Yr Z €js(y1 o 'yj—1<yja ?/s>yj+1 e Yk)rE
AT

The terms j # r in the first sum appear in the second sum with y, moved to the left hand
end. This move can be accomplished by adding terms containing commutators y;y, — y,v;
and possibly (y;, ys)Yr — yr(Y;, Ys). We therefore have ({o) oy —z(0oy) = U+ V + W, where

U= €Y1 Yr-1(Yr, Ys)Yrs1" Ui )5,
V= =03 eserilyn vt (0t = 9y )i - Y1 (85 Y)Y - U,
jr i
1#]
W =" €aeri(r - Y1 (W) ) Ur — Y Y5, ¥s) Wi - U)o
J

(The notation in V' is not meant to imply that ¢ < j). Similarly, the right hand side of
is U'+ V' 4+ W' where
U, = Ers(yl T ys—1<y7"a ys>ys+1 T yk)?y
Vi= — Z Z €ri€is (Y1 Yimt1 (Yrs Yi) Vit =~ Yj—1(Y5Ys — Ys¥Ys)Yj41 Yr)7ss
i#s T
J#i
W =" erjeialyr - yim1 Ualyr U3) — e U5)Ys) Y1 - - b )7
J

Now V =V’ by axiom (L2) in A. Also, by axiom (L3),

W=W'= 3" (- Yo WU ) — Yo Ui W41 - - i)

s<g<r
= 67»3{(91 T yr—1<y57 yr>yr+1 T yk)§
- (y1 o -ys_1<ys, yr>ys+1 i yk)?}

U -U
since (L1) implies that (ys,y,) = —(yr,ys). Thus equation (3| is satisfied and B is a T-
bimodule.
Now for x,y € X we have
&1 ifz<y
xn =&y = . (4)
&n+(wy) x>y

5Comment by DG: The “p” and “g” in this notation were called “r” and “s” in the original. I renamed
them to disambiguate them from the r and s already defined.
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We may therefore define (z,y) = xn = £y for x,y € X, and extend linearly to the whole of M.
Then B is an associative structure over M since the equation (x,y)z = z(y, z) is R-multilinear
and is a special case of when z,y,z € X. Finally, (z,y) — (y,2) = 2n — y& = (z,y) by
(4) when x,y € X, and the equality holds for z,y € M by linearity. m

Corollary 1. If M is a free R-module then K (M) is the universal Lie structure over M.

Proof. Let (A, (,)) be any Lie structure over M and embed A in the associative structure B
as above. By Theorem 1 there is a map 6 : M>*T (M) — B of T'(M)-bimodules sending zy to
(x,y) for z,y € M. Since (z,y) — (y,x) = (x,y) € A, 6 induces a map of T'(M)-bimodules
K(M) — A sending zy — yx to (z,y). O

Using Theorem 2 we now obtain

Corollary 2. Every Lie algebra over R whose underlying module is free has the Birkhoff-
Witt property.

5. Baer Invariants of Tensor Algebras

We now introduce two invariants of a module M analogous to the invariants [F, F]/[F, R] and
(RN[F, F])/|F, R] for a group presented as a quotient F'/R of a free group. In Frohlich’s no-
tation [4] they are DoV (T'(M)) and D,U(T(M)), where U and V' are the functors on algebras
associated with the variety of commutative algebras: U(T'(M)) = S(M), V(T(M)) = K(M).
We recall briefly their definition and main properties.

We start with a short exact sequence of R-modules

0-Q—>P—M=0 (5)

with P projective, and we make identifications so that @ C P C T(P). Then we have a
commutative diagram with exact rows and columns

0 0 0




where @ is the ideal T(P)QT(P) of T(P) generated by @, and @ is its image in S(P) ﬁ
Let W be the set of words

w;i(X) = w;(T1, Ta, ..., Tp) = T1T2 -+ - Ti—1 [T, Tig1|Tiva -+ - Tp

(n>2,1<i<n-—1), where [a, b] denotes, as always from now on, the additive commutator
ab — ba. If the z; take values running through P then W generates K (P) as additive group.
Let W' be the set of derived words w}(x,y) = w;(x +y) — w;(x). If the z; run through P
and the y; run through @, W’ generates (as additive group) an R-module Z. Clearly the
image of any such element w/(p,q) in T(M) or in S(P) is 0, so Z C K(P) N @, and it is
not difficult to check that in fact Z is the ideal of T'(P) generated by all [¢, ¢] with t € T'(P)

6 Comment by DG: The exactness of the rows is obvious. The exactness of the second and third columns
follows from known results (Theorem 32 and Theorem 62 in Darij Grinberg, A few classical results on tensor,
symmetric and exterior powers, 17 April 2026, to name just one reference). The exactness of the first column
follows from the exactness of the second.
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and g € Q . We write
B(M)=(K(P)nQ)/Z and C(M)=K(P)/Z.

(These are respectively D\UT (M) and DoVT(M)).

Now K (P) and Q and Z are T(P)-bimodules and satisf K(P)Q+QK(P) C Z (because
e.g. p1p2 - - [Pi, Dit1) - - q- - - pn is of the form wi(p,q)). Hence B(M) and C(M) are T'(M)-
bimodules, and we have an exact sequence of T'(M )-bimodules:

0— BM)—C(M)— K(M)— 0. (6)

As the notation suggests, B(M) and C' (M) depend only on M and not on its presentation
. To see this directly, let 0 = Q" — P" — M — 0 be another presentation of M with P’

TComment by DG: In the original: “Z = [T(P),Q)], the ideal of T'(P) generated by all [t,q] (¢t € T(P),
q € Q)”. But the notation [T'(P), Q] for this is rather nonstandard; usually it would mean just the R-linear
span of all commutators [t, q] with t € T(P) and ¢ € Q, and this span does not equal Z.

Here is a brief outline of the proof: It is easy to see from the definition that

Z = span{w;(z1,x2,...,=,) | each x; belongs to P, and at least one z; belongs to Q}.

(Indeed, this is perhaps the better definition of Z.) This shows that Z is an ideal of T(P). Now, let 7 be
the ideal of T'(P) generated by all [t,q] with ¢t € T(P) and ¢ € Q. We must prove that Z = Z. We shall
achieve this by proving both Z C Z and Z C Z:

1. To prove Z C Z, we need to show that every ¢ € T(P) and q € Q satisfy [t,q] € Z (since Z is an ideal
of T(P)). By linearity, we can assume that t = x129 - - - x,, with z1,2z2,...,2, € P, and that ¢ = aq’b
with a = y1y2 - yx € T(P) and b = yp11Ygt2 - -ye € T(P) and ¢’ € Q. But then we have

[t,q] = [t,aq’b] = [t,a]q’b + alt, ¢']b+ ad'[t, ]

and
t,q'] = [x122- - 2n,q] = 23?1332 w2, @i @i o T
i

Substituting the latter equality into the former, we obtain

[t.q] = [t,alq'b+a (Z T1Ty - i1 [T, ¢ )T Tiga »”Cn) b+ aq'[t,b].

All addends on the right hand side (once expanded) are of the form w;(z1,zs,...,,) where each z;
belongs to P and at least one x; belongs to . Thus, they belong to Z. Hence, [t,q] € Z. So we have
shown that Z C Z.

2. In order to prove the reverse inclusion Z C Z, we must show that each w;(z1,xa,...,2,) with all
x; € P and at least one z; € @) belongs to Z. This is clear if the one x; that belongs to @ is x; or
Z;+1, because in this case the [z;, 2,11] bracket in the middle of w;(z1,x2, ..., 2, ) itself has the form
[t,q] with t € T(P) and g € Q (actually, ¢ = z; € Q). In all other cases, we first move this one z; to
a position either just left or just right of the [x;,2;11] bracket by successively commuting it past the
other z;’s (the commutators will lie in Z), and then use iz, wip1] = [@j, Tip1] — [z, Tipa]xs (f x5
ended up left of the bracket) or [x;, x;y1]z; = (24, Tig12;] — Tiq1[xs, ;] (if on the right), obtaining a
right hand side belonging to Z in both cases (since z, xjz; and z;41z; all belong to Q).

8 Comment by DG: Added “and Z” as well as a few filler words (to avoid overfull hbox).



projective. Then there are R-linear maps o, o, making the following diagram commute:

The map T(o) : T(P) — T(P') is an algebra homomorphism and sends @ into @’. Also,
since K(P) and Z are defined by algebra words, T'(0) sends K(P) into K(P') and Z into
Z'. Hence o induces maps B(M) — B'(M) and C(M) — C'(M) (in the obvious notation).
Similarly, there is a map 7 : P — P inducing maps in the opposite direction. It is enough,
therefore, to show that if p : P — P induces the identity map on M then it induces the
identity map on B(M) and on C'(M). But this is clear since if u € K(P) then u is a sum of
elements w;(p) (p; € P), and so up —u = Y (w;(pp) — wi(p)) € Z (because pjp —p; € Q).
A similar argument with 1,, replaced by an arbitrary map of R-modules shows that B and
C are functors from R-modules to R-modules’]

We now show that C'(M) = K(P)/Z is a Lie structure over M in a natural way. We have
already shown that C(M) is a T'(M)-bimodule. We also know that K(P) is a Lie structure
over P with respect to the operation [z,y] = 2y — yx (x,y € P). Suppose that z = 2’
(mod @) and y = ¢’ (mod Q). Then [z,y] = [2/,y/] (mod Z), so for {,n € M we may define
[€,m] € C(M) = K(P)/Z to be the image in C(M) of [z,y], where z,y € P have images
&,min M. The axioms for a Lie structure hold in C(M) over M because they hold in K (P)
over P.

Theorem 4. For any R-module M, (C(M),[,]) is the universal Lie structure over M.

Proof. Let (A, (,)) be any Lie structure over M. In constructing C'(M) we may choose P to
be a free R-module, and in this case we know (Theorem 3, Corollary 1) that (K(P),[,]) is the
universal Lie structure over P. Now A can be viewed as a Lie structure over P via the map

9Comment by DG: Let me expand upon this somewhat. Let me show that B is a functor (the proof for
C' is analogous). Each R-module M has a canonical presentation 0 — Qp — Py — M — 0, where Py is
the free R-module with M as a basis, where Py; — M is the canonical R-module epimorphism that sends
each basis element corresponding to some m € M to the respective m itself, and where Qs is the kernel of
this epimorphism. We can define B(M) canonically (not just up to isomorphism) using this presentation.
To show that this gives a functor, we define B(f) : B(M) — B(N) for any R-linear map f : M — N as
follows: Lift f to an R-linear map Py : Py — Py (this lift is not canonical, but exists because Py is free
and thus projective). Then, Py sends Qs to Qu, and thus we obtain a commutative diagram

0 Qum Py M 0
Qfl Pfl fl
0 Qn Py N 0.

This leads to an algebra homomorphism T'(Py) : T(Par) — T(Py) that sends K(Pyr) to K(Pn), sends Zy
to Zy, and sends Q,, to Q, and thus gives rise to an R-linear map B(f) : B(M) — B(N). It remains
to show that this B(f) depends only on f and not on its lift Py (functoriality will then follow immediately,
since T'(Py) is functorial in Py). But this is clear since, if Py and Py are two candidates for the lift Py,
then each element w € K(Py) is a sum of elements w;(p) with p; € Py, and so uT(Pp1) — uT(Py2) =
> (wi(p Pr1) —wi(p Pr2)) € Z (because p; Pr1 — pj Pra € Qn).
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0 : P — M of the presentation, so there is a unique map « : K(P) — A of T'(P)-bimodules
sending [x,y] to (x0,y6) for all z,y € P. If xy,x9,...,2, € P then

wz‘(%, T2, ... ,%)Oé = (931 e 'SBz‘—l[l’i, l“z‘+1]35z'+2 T xn)a
= (210) - - - (2i-10) (20, 23.10) (25120) - - - (2,0).

Hence, for ¢1,q2,...,qn € Q, (wi(x+ q) — w;(x))a = 0, i.e. Z C Kera. Thus « induces a
map 3: C(M)=K(P)/Z — A [Tsending [¢,7] to (£,n) for all £,n € M. It is casy to see
that 8 is a morphism of 7'(M)-bimodules, and it is unique since the [z, y] generate K (P) as
T'(P)-bimodule and therefore the [£,n] generate C'(M) as T'(M)-bimodule. O

The canonical maps C(M) — L(M) given by this theorem form a natural equivalence
of functors C' ~ L. We may therefore write L(M) for C(M) from now on, and we have the
exact sequence

0— B(M)—LM)— K(M)—0 (6')

for all R-modules M. Clearly this gives an exact sequence of functors 0 - B — L —- K — 0,
and combining it with 0 - K — T — S — 0 we obtain the exact sequence of functors

0—-B—-L—->T—5—=0. (7)

Theorem 5. For any R-module M the following are equivalent:
(i) B(M) = 0;
(ii) (K (M),[,]) is the universal Lie structure over M;
(iii) every Lie structure over M is embeddable in an associative structure over M.

Proof. The equivalence of (i) and (ii) follows from the exact sequence () (which is a conse-
quence of Theorem 4).

(ii) = (iii). Let (A4, (,)) be any Lie structure over M and let Ay be the T'(M)-bimodule
generated in A by the elements (z,y) (z,y € M). If (ii) holds then there is a unique
morphism « : K(M) — A of T(M)-bimodules sending [z,y] to (z,y). The kernel D of «
is a T(M)-bimodule, i.e. an ideal of T'(M). The algebra A* = T(M)/D is an associative
structure over M and the Lie structure Ag & K(M)/D is embedded in it. To extend this
to an embedding of A itself is a trivial matter. Any 7'(M)-bimodule containing A* is also
an associative structure over M, so we need only form the fibre coproduct of A and A* with
respect to the embeddings Ay — A and Ay — A*. It is clear that (z,y) goes to zy — yz in
the resulting embedding of A.

(iii) = (ii). If (iii) holds then the universal Lie structure L = (L(M), (,)) is embeddable
in an associative structure (L*, (,)) so that (x,y) — (y,x) = (z,y). By Theorem 1, there is
a morphism of T'(M)-bimodules o : M?*T (M) — L* sending xy to (z,y), and this induces a
morphism 5 : K (M) — L sending xy — yx to (x,y). Clearly § is inverse to the canonical
map L(M) — K(M), so K(M) = L(M). O

10 Comment by DG: The original says “8: C(M) = K(M)/Z — A”. Claude corrected this autonomously.
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6. Modules with B(M) =0

Our main result is an immediate consequence of Theorems 2 and 5:

Theorem 6. If B(M) = 0 for the R-module M then the Birkhoff-Witt theorem holds for
all Lie algebras over R with underlying module M.

To show that this theorem contains the known results quoted in the introduction we now
look for conditions on the R-module M which ensure that B(M) = 0.

Theorem 7. Let R be a fixed commutative ring and let M be any R-module.
(i) If M is R-projective then B(M) = 0.

(ii) If M is uniquely divisible as Abelian group (i.e. M is a rational vector space) then
B(M) = 0.

(iii) If M is a direct sum of cyclic (i.e. one-generator) modules then B(M) = 0.

Proof. Let 0 - QQ — P — M — 0 be a presentation of M with P projective. Then, in the
notation of Section 5, B(M) = (K(P)NQ)/Z. Ttem (i) is clear since if M is projective we
may take P = M and Q = 0. To prove (ii) and (iii) we first observe that K(P), Q and Z are
homogeneous ideals of T(P), so it is enough to take u € K (P)NQ homogeneous of degree n
(n > 2) and show that v € Z. Now the symmetric group .#, acts on the homogeneous part
®@"P of T(P), andif 7 € .%,, u € P, then u—ur € K(P). Moreover, if u € Q, then u—um
is a sum of elements of type pips - - pi-1[pi, ¢Pit2 -+ Pn OF Pr- - D1 [Pis Piva]Piv2 @ P,
where p; € P and ¢ € (. All such elements are in Z, by definition, so v — ur € Z
whenever u € Q N ®"P. On the other hand, if u € K(P) and is homogeneous of degree n
then u is a sum of elements of the form v — v7r, where 7 € .¥, is a transposition. Hence
> res um = > o, (vmr —vrw) = 0 in this case. Thus, for any u € Q@ N K(P) N ®"P, we
have nlu = % . (u —ur) € Z. This shows that B(M) is always a torsion group. It is
graded by degree: B(M) = @ B"(M), and n!B™"(M) = 0.

Suppose now that M is uniquely divisible. Then for each integer & > 0 we have an
isomorphism k : M — M (x — kz). Since B is a functor this induces an isomorphism
B(k) : B(M) — B(M) which in dimension n is multiplication by k™. Taking k = n! we see
that B"(M) = (n!)"B"(M) =0 [ which proves (ii).

To prove (iii) we suppose that M = &, .y M,, where M, = R/I, is cyclic, and we take P
to be the free R-module on X with the obvious map P — M. Then () is spanned by certain
elements of the form Az, where A € R and z € X. We take a fixed total ordering < of X and
denote by S* the R-submodule of T'(P) spanned by all products z1z5 - - - z,, with z; € X and
x1 <x9 <--- <1, (n>0). Then there is an R-linear map 6 : T'(P) — S* which sends any
product of x’s td' the product of the same z’s in correct order. The kernel of § is exactly
K(P). Suppose now that u € Q N ®"P. Because of the special form of our presentation we
have u = uq + us + - - - + uy, where each w; is still in @ and is of the form \zjz5 - - - x, with
A€ Rand x1,29,...,2, € X. Then u;0 = u;m; for some m; € ., so u; —u;0 = u; —u;m; € Z,

" Comment by DG: Claude fixed a typo here (“B™(m)”).
12 Comment by DG: In the original “to be”.
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as we have already shown. Hence u —uf € Z. If now u € Q N K(P) N ®"P then uf = 0,
and we have u € Z as required. O

Corollary. If R is the direct sum of a finite number of fields or is an algebra over the rationals
then B(M) = 0 for all R-modules M. If R is a principal ideal domain then B(M) = 0 for
all finitely generated R-modules M.

We can extend this last result by general arguments as follows.

Theorem 8. If {M,} is a directed system of R-modules, and M = lim Mo, then B(M) =
lim B(M,).

Proof. The exact sequence of functors @ gives rise to a directed system of exact sequences
0 — B(M,) — L(M,) — T(M,) = S(M,) — 0.

Since hg is an exact functor for R-modules, we obtain a commutative diagram

0 — ligB(Ma) — ligL(Ma) — @T(Ma) — ling(Ma) — 0

| b I I

0 — BM) —— L(M) —— T (M) —— S(M) — 0

with exact rows, the limits in the upper row being taken in the category of R-modules. It is
enough, therefore, to show that A\, 7, ¢ are isomorphisms. We give the proof for A; the other
cases are proved by similar “general nonsense” and are in any case well known.

L, = L(M,) is the universal Lie structure over M,. Its structure is given by canonical
maps M, ® M, — L, L, ® M, — L, and M, ® L, — L, satisfying axioms (L1), (L2),
(L3). If 6 : M, — Mp is R-linear then 6* = L(0) : L, — Lg is obtained by viewing Lg as
a Lie structure over M, via the map 6. It is therefore not only R-linear but is compatible
with the structure maps, that is, for z,y € M, and a € L, we havﬂ (x,y)0* = (0, y0),
(ax)0* = (af*)(z0) and (xa)f* = (x0)(ab*). Hence, writing A = lim L, the structure maps
of the various L, induce maps

M®M:hﬂ(Ma®Ma)—>A, A®M:@(LQ®MQ)—>A

and M ® A — A. The axioms (L1), (L2), (L3) carry over to the limits since each axiom
involves only a finite number of symbols and therefore each instance of it is implied by the
corresponding axiom for some pair M,, L,. Thus A is in a canonical way a Lie structure
over M. If now A is any Lie structure over M then A can be viewed as a Lie structure
over M,. Hence there is a unique morphism of Lie structures L, — A for each a. These
induce a unique morphism A — A of Lie structures over M which, in the particular case
A= L(M), is the map A. The standard argument for universal objects now shows that A is
an isomorphism. O

Corollary. If R is a principal ideal domain then B(M) = 0 for all R-modules M.

13 Comment by DG: Missing subscripts inserted in “z,y € M and a € L”.
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Finally, we consider change-of-ring arguments. If R’ is a commutative R-algebra and M
is an R-module then M’ = M ®p R’ is an R'-module and we may form its Baer invariant as
such. We write Br/(M') to indicate that we are calculating with R’-modules.

Theorem 9. If the R-algebra R’ is flat over R then Br/(M ®p R') = Br(M) @r R'.

Proof. The argument is similar to the one given for direct limits. Since R’ is flat over R we
have, for any R-module M, an exact sequence of R’-modules

0— BR(M) Xnr R — LR(M) ®RR/ —>TR<M) XR R — SR(M) XR R — 0.

We write M’ = M ®gr R, L = Lr(M), L' = Lr(M) ®g R'. The structure maps for L,
namely the mapsEf] M®@rM — L, LM — L, M ®r L — L, induce R'-linear maps
M' @p M' — L' etc. which clearly make L’ a Lie structure over M’, and it is easy to check
that L’ is then the universal Lie structure Lg/(M'). Similarly, we may identify Tr(M) @ R’
with Tr/(M') and Sg(M) ®r R with Sg/(M'), and the theorem follows. O

In particular, the local ring R, at a prime ideal p of R is flat over R (see, for example,
Nagata [6], (6.18) on™| p. 19). Writing M, for M @z R, we therefore have the following.

Corollary 1. For any R-module M and any prime ideal p of R, Br,(M,) = (Bg(M)),.
Hence Br(M) = 0 if and only if Bg,(M,) = 0 for all prime ideals (or all maximal ideals) p.

Since the local rings of a Dedekind domain are principal ideal domains, the corollary to
Theorem 8 now gives

Corollary 2. If R is a Dedekind domain then B(M) = 0 for all R-modules M.

Appendix 1 (by DG). A cleaner proof of equation (3

This appendix gives a less index-heavy proof of equation from Section 4. This proof was
suggested by GPT-5.5, and rewritten by myself in a more elementary language. It was originally
inspired by the theory of rewrite systems [8], 11].

We keep the notation from the proof of Theorem 3. Thus X is a totally ordered basis of the
free R-module M, and we have defined elements x o 0 and o oy of A for all z,y € X and all basis
monomials o = &1&a -+ §, of S (M).

A word shall mean a finite list of elements of X. We shall write a word (w1, ws,...,w,) as
wiwy - - - Wy, thus visually identifying it with the basis element of T' (M) it corresponds to.

The inversions of a word wjws - - - w, are the pairs (i, j) of integers satisfying 1 < i < j < n and
w; > wj. In other words, they are the pairs of positions in the word such that the earlier position
contains a (strictly) larger letter than the later one. We let invw denote the number of inversions
of a word w = wyws - - - wy,. This is a nonnegative integer.

1 Comment by DG: Added “namely the maps” to avoid a false impression that had me confused too.
15 Comment by DG: Added “(6.18) on” to avoid relying on page numbers.
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If w=wjws-- -wy is a word and 1 < ¢ < n an integer satisfying w; > w;41, then we can swap
the 4-th and (i + 1)-st letters of w to obtain a new word

mi::(

w wiwz - - - wi—l) Wi+1W; (wi+2wi+3 T wn) )

which has one fewer inversion than w; that is,
inv (w™) = invw — 1. (8)

We shall say that w™? is obtained from w by a single sorting step in this case. Often, several different
single sorting steps can be applied to a given word w; for example, from the word w = 4231 (over
the totally ordered set X = Z), we can obtain either w™! = 2431 or w™3 = 4213 by a single sorting
step.

Now, for any word w = wjws - - - wy, we want to define recursively an element J (w) € A as
follows:

1. If invw = 0 (that is, if w has no inversions), then we set J (w) = 0 in A.

2. If invw > 0, then there exists some integer 1 < i < n satisfying w; > w;41 (since otherwise,
we would have w; < wg < --- < w, and thus invw = 0). We choose such an i and set

J (w) = wWiwg - W;i—1 <w,~, wi+1> Wi42Wi43 * * * Wp + J (wmi) . (9)
where (as we recall) w™ = (wiws - - wi_1) Wir1w; (Wipowis3---wy) is the word obtained
from w by a single sorting step swapping the i-th and (i + 1)-st letters.

It is not obvious that this is well-defined, because in the invw > 0 case, there might be several
different integers 1 < ¢ < n satisfying w; > w;+1, and then the formula @ might perhaps give
different results depending on which of these i is chosen. We shall soon see that all choices of i lead
to the same J (w) — so that J (w) really is well-defined — but this must be proved. What is clear is
that there is always at least one candidate for J (w), because the recursion is well-founded (thanks
to (§)).

We now want to show that all choices of i do lead to the same J (w) in @ For now, let us
modify the definition so that the equation @ is used to define J (w) only when i is the smallest
integer 1 < i < n satisfying w; > w;4+1. This way, the uniqueness of J (w) is obvious (since the
smallest ¢ is always unique). But we must now prove that @D holds for each integer 1 < i < n
satisfying w; > w;y1, not just for the smallest.

Proof of @ We shall prove this by strong induction on invw. The base case (invw = 0) is
obvious, since @ does not apply to this case at all. For the induction step, we pick some positive
integer k, and we assume that @ is proved for all words w with invw < k (and all ¢ that satisfy
w; > w41, not just for the smallest such 7). Now we shall prove the same for all words w with
invw = k.

Fix such a word w = wyws - - - wy,. Let j be the smallest integer 1 < ¢ < n satisfying w; > w;41.
Then, by our (modified) definition of J (w), we have

J(w) = wiwy - - wj—1 (W), Wji1) WjpaWjts - Wy + J (wmj) i (10)

Now, pick any integer 1 < ¢ < n satisfying w; > w;+1. We must prove @D If 4 = j, then this
follows from ; thus, we assume that ¢ # j from now on. Since j was the smallest i satisfying
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w; > wit1, we have i > j, and thus ¢ > j (since i # j). Hence, we are in one of the following two
cases:

Case 1: We have i = j + 1.

Case 2: We have ¢ > j + 1.

Let us first consider Case 1. In this case, ¢ = j + 1. Thus, w; > w;y1 (which holds by
assumption) rewrites as wj;1 > wji2. Moreover, the definition of j shows that w; > wjq;.
Therefore, w; > wjt1 > wjpo. We shall use the notations a := wj, b = wjy1, ¢ = wjta,
(= wiwy - wj_1 and r 1= Wj43Wjqq - - - Wp; thus, w = Laber (since w = wiwe - - wyp) and a > b > ¢
(since wj > wjt1 > wjq2).

We have wiws ---wj—1 = £ and w; = a and wj;1 = b and wj2w;i3---w, = cr and therefore
w™ = fbacr. Thus, the equality rewrites as

J (w) = €{a,b) er + J (Lbacr) . (11)

Moreover, the word fbacr is obtained from faber = w by a single sorting step (since a > b); thus,
yields inv (¢bacr) = invw — 1 < invw = k. Hence, by the induction hypothesis, @D holds for
£bacr instead of w. In particular, we can apply @ to bacr and j + 1 instead of w and 4 (since the
(j + 1)-st and (j + 2)-nd letters of fbacr are a and ¢, and these satisfy a > ¢), and thus we obtain

J (tbacr) = Lb{a,c)r + J (Lbecar) . (12)

Furthermore, the word fbcar is obtained from fbacr by a single sorting step (since a > ¢); thus,
yields inv (¢bcar) = inv (€bacr) —1 < inv (¢bacr) < k. Hence, by the induction hypothesis, (9) holds
for £bcar instead of w. In particular, we can apply @ to bcar and j instead of w and ¢ (since the
j-th and (j + 1)-st letters of fbcar are b and ¢, and these satisfy b > ¢), and thus we obtain

J (Cbcar) = £ (b,c)ar + J (Lcbar) . (13)

Now, becomes

J (w) =L {a,b)cr+ J (bbacr) = £{a,b) cr + £b{a,c)r + J (¢bcar) (by (12))
={{a,b)cr +tb{a,c)r+ L (b,c)ar + J (Lcbar) (by (13))
={({a,b)c+bla,c)+ (b,c)a)r+ J (Lcbar) . (14)

On the other hand, our goal is to prove @ In other words, our goal is to prove
J (w) = La (b,c)r + J (Lacbr) (15)

(since ¢ = j+1, and thus wiws - - - wi—1 = wiwy - - wj = fa and w; = w1 = band wi1 = w2 =c
and Wi oW;i43 - Wy = Wj43Wj44 - - Wy = 1 and w™ = lacbr). Let us rewrite the right hand side.

The word facbr is obtained from fabcr = w by a single sorting step (since b > ¢); thus, (£8)
yields inv (facbr) = invw — 1 < invw = k. Hence, by the induction hypothesis, @ holds for facbr
instead of w. In particular, we can apply @ to acbr and j instead of w and i (since the j-th and
(J + 1)-st letters of facbr are a and ¢, and these satisfy a > ¢), and thus we obtain

J (bacbr) = £ {a,c) br + J (Lcabr) . (16)

The word lcabr is obtained from facbr by a single sorting step (since a > c¢); thus, yields
inv (€cabr) = inv (Cacbr) — 1 < inv (facbr) < k. Hence, by the induction hypothesis, (9) holds for
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Lcabr instead of w. In particular, we can apply @ to Leabr and j + 1 instead of w and 4 (since the
(j + 1)-st and (j + 2)-nd letters of fcabr are a and b, and these satisfy a > b), and thus we obtain

J (bcabr) = Le(a, by r + J (Lcbar) .
Substituting this into , we find
J (Lacbr) = £{a, c) br + Lc{a,b)r + J (€cbar) . (17)
However, the axiom (L3) of the Lie structure A yields
({a,b) ¢ — c{a,b)) + ({b,cya — a(b,c)) + ({c,a) b — b{c,a)) = 0.

In view of (¢,a) = — (a,c) (this is an easy consequence of axiom (L1), just as for Lie algebras), we
can rewrite this as

({a,b) ¢ — c{a,b)) + ({b,cya — a{b,c)) + ((— {a,c)) b —b(— (a,c))) = 0.

Expanding the parentheses and collecting the negative terms on the right hand side, we transform

this into
(a,b)c+(b,c)ya+bla,c) =c(a,b)+abc)+ (a,c)b. (18)

Now, becomes

J (w) =€ ({(a,b) c+bla,c) + (b,c)a)r + J (Lcbar)
S sl (et
S
c{a,b) +a(b,c)+ (a,c)b) r+ J (bcbar)
(a,b)r +La (b,c)r+ £ {a,c)br+ J (Lcbar)
a(b,c)r+£{a,c)br + Lc(a,b)r+ J (Lcbar)

:J(chbr)
(by ()

£(
le
¢

= la (b,c)r+ J (Lacbr).

This proves . In other words, @ is proved for our arbitrary i (since is just a rewritten
form of @) This completes the induction step in Case 1.

Let us now consider Case 2. In this case, i > j + 1. Thus, the four integers j,j + 1,7, + 1 are
distinct and ordered as follows: j < j+1 < ¢ < i+1. We shall use the notations a := wj, b := w;41,
¢ = wj, d = wiy1, £ = wwz - Wwj_1, M = WjoW;43 - Wi—1 and 7 1= W;yaw;43 - - wy; thus,
w = Labmedr (since w = wwy -+ wy and j < j+1<i<i+1)and a > b (since w; > w;q1) and
¢ > d (since w; > wiy1).

We have wijws ---w;j—1 = £ and w; = a and wjy1 = b and wjyowji3---w, = medr and thus
w™ = lbamcdr. Thus, the equality rewrites as

J (w) = ¢ {a,b) medr + J (Lbamedr) . (19)

Moreover, the word fbamcdr is obtained from fabmedr = w by a single sorting step (since a > b);
thus, yields inv (¢bamecdr) = invw — 1 < invw = k. Hence, by the induction hypothesis, @[}
holds for £bamecdr instead of w. In particular, we can apply @D to fbamedr and 7 instead of w and
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i (since the i-th and (i + 1)-st letters of £bamecdr are ¢ and d, and these satisfy ¢ > d), and thus we

obtain
J (€bamedr) = Lbam (c,d) r + J ((bamder) .

Substituting this into , we find

J (w) = £ {a,b) medr + bam {c,d) r + J ((bamdecr)
=/ ({(a, by med + bam {(c,d)) r + J (¢bamdcr) . (20)

On the other hand, our goal is to prove @ In other words, our goal is to prove
J (w) = Labm {(c,d) r + J (Labmder) (21)

(since wiws -+ - w;—1 = Labm and w; = ¢ and w;41 = d and w;ow;43 - - wy, = r and thus w™ =
Cabmder). Let us rewrite the right hand side.

The word fabmder is obtained from fabmedr = w by a single sorting step (since ¢ > d); thus,
(8) yields inv (fabmder) = invw — 1 < invw = k. Hence, by the induction hypothesis, @D holds for
fabmdcr instead of w. In particular, we can apply @ to abmdcr and j instead of w and i (since
the j-th and (j + 1)-st letters of fabmdcr are a and b, and these satisfy a > b), and thus we obtain

J (Labmder) = € {a,b) mder + J (Lbamder) . (22)
However, the axiom (L2) of the Lie structure A yields
{(a,bym (cd — dc) = (ab — ba) m (c,d) .
Expanding both sides, we rewrite this as
(a,b) med — {(a,b) mde = abm (c,d) — bam (c,d) .

Equivalently,
(a,b) med + bam (c,d) = abm {(c,d) + (a,b) mdec.

Substituting this into , we obtain
J (w) = ¢ (abm (¢, d) + (a,b) mdc) r + J (¢bamdcr)
= Labm (c,d) r + {{a,b) mder + J (Lbamdcr)

=J(labmdcr)
(by ©2))

= Labm (c,d)r + J (abmdcr) .

This proves . In other words, @ is proved for our arbitrary i (since is just a rewritten
form of @D) This completes the induction step in Case 2.

We have now completed the induction step in both Cases 1 and 2. Thus, the induction proof
of @D is complete. O

Thus, for each word w = wyws - - - wy,, we have defined an element J (w) € A that satisfies @
for each 1 < i < n satisfying w; > w;4+1 (not just for the smallest such 7).

Next, let us define some general terminology. A word is said to be sorted if its letters are weakly
increasing from left to right (i.e., if it has no inversions). For each word w, there is exactly one
sorted word that contains the same letters (with the same multiplicities) as w; this word is called
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the sorted rearrangement of w, and can be obtained from w by successively applying single sorting
steps until no more inversions remain. We shall use the notation sort w for this word. Note that

J(w)=0 for any sorted word w (23)

(by the base case of the recursive definition of J (w), since invw = 0).
Furthermore, for any word w (or, more generally, any element w of T (M)), we shall let @
denote the projection of w onto S (M).
We shall now prove the following general formula: If v is a word and w is a sorted word, and
x € X is a letter, then
(xow)v = J (zwv) — J (sort (zw) v) . (24)

Proof of . Indeed, let v be a word, let w be a sorted word, and let x € X be a letter. Note
that sort (xw) = Tw (since the words sort (xw) and xw differ only in the order of their letters, and
thus have the same projection onto the commutative algebra S (M)).

Write the sorted word w as w = tyto---t,. Thus, W = t1ty---t, = 7172 - - - T, Where each 7; is
the image of ¢; in S (M).

Since the word tito - - - t,, is sorted, we have t; <ty < --- <t,. Thus, we have

<ty < <ty <& <ty <yt <o <ty (25)

for a unique integer 1 < m < n + 1 (in particular, m = n+ 1 if ¢, < z, whereas m = 1 if = < 7).
Consider this m. Thus, tity- - tm_12tmtmyr -« -ty is a sorted word (by ) The definition of
x oW yields

rTow = Z tito - - ti—1 <Zl§',ti> ti+1ti+2 ety (since W= T1Ty """ Tn)
ti<x
m—1
= Z tity - tio1 (T, ti) tipatipe -t (26)
=1

(since the integers i € {1,2,...,n} satisfying ¢; < x are precisely 1,2, ..., m—1, according to )
Moreover, from w = tity - - - t,, we obtain

sort (xw) = sort (xtity - -ty) = tite - - ty—1Ttmlme1 - - tn (27)

(by (25)). Furthermore, the word zwv can be transformed into the word sort (zw) v by the following
sequence of single sorting steps:

Twv = Ttite - - tyv (since w = tite - -tp)
s tixtats - - - U (we swapped x with ;)
> titoxtsty - - - tpv (we swapped x with ¢2)
.
= tity b1 @ttty v (we swapped x with ¢,,_1)
=sort(zw)
= sort (zw) v.
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Using the recursive definition @ of the J-function, we thus have

J (l‘tltg s tnv) = <:E, t1> totg---thv+ J (tl.rtgtg .- tnv) ;
J (tll‘tgtg cee tnv) == tl <l‘, t2> t3t4 o ~tnv + J (t1t2$t3t4 N tnv)
J (t1t2 ot Ttm—1tm - - tnv) =tity - tm_2 <x, tm—1> tntma1 -+ tpv

+J (tth T 1 Tttt tn’U)
Substituting these equalities into one another, we obtain

J (SL‘tth tee tnv)

= (x,t1) totz - tyu + ty (z,to) tata - tpv+ -+ tita - ty—2 (X, t—1) tmtm+1

:"fg

tita-ti—1 (@) tig1tipa tnv
i=1

+J | tite -t 1Tt tms1 - tp v

=sort(zw)

3

1

= tito - t;_1 <{L‘, ti> ti+1ti+2 R J (SOI"t (xw) U)
i=1

by &)
= (zow) v+ J (sort (zw)v) .

(28)
Since tit - - - t, = w, this rewrites as J (zwv) = (z ow) v + J (sort (zw) v). This proves (24). O
Similarly to , we can prove that if u is a word and w is a sorted word, and y € X is a letter,
then
u(wovy)=J(uwy) — J (usort (wy)) .

(29)
Now, fix xr,y € X and z1 < a9 < --- <z, in X. Let &, n and §; be the images of z, y and z; in
S (M). Let 0 = &1&2 -+ &,. We now take aim at proving the two equalities

(o)oy+ (xoo)y=J(zx122 -+ - TY)

and (32)
zo(on)+x(coy)=J(xx122 - T0Y) . (33)
Once these two equalities are proved, it will immediately follow that
(o)oy+ (xoo)y=J(zzras- 2ny) =0 (0N) +x(00Y),
thus

(§o)oy—xz(ooy)=wz0(on)— (z00)y,
and thus will be proved. Thus, it remains to prove and .

The word xj25 - - - x, is sorted (since x1 < x9 < --- < x,). Hence, applying (24) to v = y and
w =TTy - Tn, we find

(xoTiTa @n)y = J (xx122 - - - TRY) — J (Sort (xx1xe -+ - T40) Y)
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Thus,

J (zx129 -+ 2ny) = J (sort (xzize - - 2p) y) + (x 0 TiTg -~ Tp) Y
= J (sort (zx1m2 - 2n)y) + (xo00)Y (34)

(since T1T3 &y, = &1&2 -+ &p = 0). But sort (zx2z2- - - xy) is also a sorted word. Thus, applying
touw =1 and w = sort (xx122 - - - ), We find

1 (sort (xx129 -+ TY) O y) = J (Isort (zz122 - - - xy) y) — J (Lsort (sort (zxix2 - pn)Y)) .

This simplifies to

sort (xw1xe - xy) oy = J (sort (zxywe - - p) y) — J (sort (sort (zzixe - 2y) Y))

=0
(by (23), since sort(sort(zz1za-n)y)
is a sorted word)

=J (sort (:lexg s »Tn) y) .

Thus,

J (sort (xxix9---xy)y) = sort (zxixe---x,) oy = (£0)oy.

=TT1T2 - Tn=E6182 - En=E0

Substituting this into , we obtain
J (zz122 - zny) = (§0) 0y + (z00)y.

This proves . A similar argument (in which we first apply tou=x and w = x129 - Ty,
and then apply tov =1 and w = sort (x122 - - - x,Yy)) proves . Hence, as we said above,
follows.

Appendix 2 (by DG). Birkhoff-Witt for flat modules

Theorem 7 (i) can be generalized as follows:
Theorem 10. Let R be a fixed commutative ring, and M be a flat R-module. Then, B(M) = 0.

Proof. The Govorov—Lazard theorem ([10, Théoréme 1.2 (iii)], [9]) shows that M is a direct limit of
a directed system {M,} of free R-modules. By Theorem 7 (i), all these free R-modules M, satisfy
B(M,) = 0. Hence, Theorem 8 yields B(M) = lim B(Mq) = lim 0 = 0. O
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